Topologically protected wave engineering in artificially structured media resides at the frontier of ongoing metamaterials research, which is inspired by quantum mechanics. Acoustic analogs of electronic topological insulators have recently led to a wealth of new opportunities in manipulating sound propagation by means of robust edge mode excitations through analogies drawn to exotic quantum states. A variety of artificial acoustic systems hosting topological edge states have been proposed analogous to the quantum Hall effect, topological insulators, and Floquet topological insulators in electronic systems. However, those systems were characterized by a fixed geometry and a very narrow frequency response, which severely hinders the exploration and design of useful applications. Here we establish acoustic multipolar pseudospin states as an engineering degree of freedom in time-reversal invariant flow-free phononic crystals and develop reconfigurable topological insulators through rotation of their meta-atoms and reshaping of the metamolecules. Specifically, we show how rotation forms man-made snowflakelike molecules, whose topological phase mimics pseudospin-down (pseudospin-up) dipolar and quadrupolar states, which are responsible for a plethora of robust edge confined properties and topological controlled refraction disobeying Snell's law. DOI: 10.1103/PhysRevB.96.241306 Topology is a mathematical concept, which describes the properties of space that are preserved under continuous deformations. Topological states have also been extended to condensed-matter physics based on the quantum Hall effect (QHE) [1, 2] , the quantum spin Hall effect (QSHE) [3, 4] , and topological insulators (TIs) [5, 6] . Over the past ten years, investigation into new topologically protected edge states has started to grow in other subfields of physics, such as photonics [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , phononics [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , and mechanics [33] [34] [35] [36] . The intrinsic difference between electrons and acoustic waves represents a great challenge in creating the spinlike degree of freedom for sound only possessing longitudinal polarization. To resolve this obstacle, analogous unidirectional edge channels have been demonstrated in phononic crystals (PnC), which were constructed with circulating flow fields [18] [19] [20] [21] 37 ] to break the time-reversal symmetry to mimic the QHE. Similarly, coupled ring resonator waveguides were proposed analogous to a Floquet insulator [23] [24] [25] . Beyond that, valley-projected acoustic topological insulators were proposed to obtain backscattering-immune valley transport [30, 32] . However, the inherent losses and noise that intrinsically accompany acoustic propagation in moving media, together with considerable fabrication complexities of ring waveguides may become detrimental in future topological applications. Most recently, phononic "graphene" with double Dirac cones [27] [28] [29] has been proposed for the design of two-dimensional (2D) acoustic T -symmetric TIs, functioning without applying external "forces." The band inversion between pseudospin states has been induced by varying the radius of the constitutive meta-atoms. This approach, however, is prone to imperfections as to the exact radii and site of these atoms, making the * chengying@nju.edu.cn † liuxiaojun@nju.edu.cn ‡ johan.christensen@uc3m.es reconfiguration and material processing between trivial and nontrivial topological regions a great technical challenge. Also, the lack of tunability and adaptation to functional needs and robust applications requires an eased strategy toward reconfigurable TIs in artificially structured media.
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Based on inherently time-reversal invariant constituents, in this Rapid Communication, we propose to open nontrivial band gaps in order to produce edge states by lifting the degeneracy associated with double Dirac cones ( [38] , Note I). We introduce the mirror-symmetry-breaking mechanism [32, 39, 40] to construct a reconfigurable topological insulator. To accomplish this, anisotropic scatterers are used to close and reopen the band gap. The chirality of the acoustic vortices surrounding the metamolecules (i.e., right-or lefthand circular polarized, labeled as RCP and LCP) plays the role of the pseudospin degree of freedom in the 2D snowflakelike TI. Simply by rotating the rods, one is able to reconfigure the metamolecules to generate the topological transition from trivial to nontrivial via pseudospin dipoles and quadrupoles. We also demonstrate that an interface between trivial and nontrivial TIs supports highly confined topologically protected edge states, which are not vulnerable to defects. Aside from the highly flexible approach to acquire topological phases through the rotation of the involved scatterers, we also display how this scheme can lead to topologically controlled unusual refraction, both with negative angles and unexpected birefringence.
The intrinsic difference between spin-1/2 electron and spin-1 photon/phonon is the Kramers doublet, which is the prerequisite condition for the QSHE, nonexistent in acoustic systems. However, to construct an artificial acoustic Kramers doublet, the degree of freedom must be increased to obtain a pair of pseudospin states analogous to electrons [27, 28] . As a result, fourfold-degenerate double Dirac cones in acoustic band structure are required, which can be engineered in a triangular/honeycomb lattice [41, 42] . In order to introduce the mirror-symmetry-breaking mechanism, we construct three-legged rods (TLRs) made of epoxy resin, in which the C 6v symmetry is invariable as shown in Fig. 1(a) . In the following, we design "snowflake" metamolecules containing six neighboring TLRs as the primitive cells, which form the triangular lattice [see Fig. 1(a) ]. The distance between snowflake metamolecules, which are embedded into air, is a = 6.51 cm and the width of the legs is h = 0.30 cm, which we hold constant. The filling factor is manipulated through changing the length of the legs d. With these geometrical parameters and choosing d = 0.578 cm, we depict in Fig. 1(b) how the double Dirac cone is formed. By varying the filling fraction such that d = 0.85 cm, a double twofold degeneracy, one for the lower bands of the p type and the other for the upper bands of the d type, appears at the Brillouin zone (BZ) center, as shown in Fig. 1(c) [28] . Interestingly, a pair of dipolar resonance states are accompanied by a pair of quadrupolar resonance states: similar to p and d orbitals of electrons, here the dipoles are even or odd symmetrical to the axes x/y (corresponding to p x /p y ), while the quadrupole is odd symmetrical to the axes x and y (corresponding to d xy ), or even symmetrical to the axes x and y at the same time (corresponding to d x 2 −y 2 ). With dependence to the length d, Fig. 1(d) shows the band inversion process between d-type and p-type states, which illustrates the process in which the topological band gap is closed and reopened by changing the filling factor enabling trivial and nontrivial states. But during this process, there are two points that have to be emphasized: (1) The filling ratio is limited in the range from 0.5 to 1.0 cm because the conelike dispersion will disappear when the filling ratio is beyond the range. ( 2) The frequency range of nontrivial states is very narrow and has no intersection with the trivial states as can be clearly seen in Fig. 1(d) . This disadvantage restricts the exploration of realistic applications in acoustic topological insulators.
To counteract this problem and being able to construct reconfigurable TIs, we demonstrate that a simple rotation of the TLRs can pose enhanced control over topological phases ([38] , Note II). We begin by designing the snowflake metamolecule with a constant leg length of d = 0.85 cm. As shown in Fig. 2(a) we denote this system the type-A configuration. By rotating the TLRs, we adjust the structure into a new metamolecule that constitutes the type-B configuration, in which the mirror symmetry is broken as shown in Fig. 2(b) . As seen in Figs. 2(c) and 2(d), a notably broad band gap is formed that will prove useful as we will show later in the experiments. The dispersion relations for these two structures are calculated using COMSOL MULTIPHYSICS, a finite-element solver software ( [38] of Figs. 2(c) and 2(d) , we show the distributions of the pressure fields at the BZ, spectrally corresponding to the colored dots at the Г point. We demonstrate that similar dipolar resonance states, accompanied by a pair of quadrupolar resonance states, are created as compared with Fig. 1(c) . The angular momenta of the wave function of pressure fields p ± = (p x ± ip y )/ √ 2 and d ± = (d x 2 −y 2 ± id xy )/ √ 2 further constitute the spin-1/2 for the bulk states (pseudospin) in the present acoustic crystals based on snowflake metamolecules. To deliberately observe the pseudospin states, we examine the real-space distributions of the root-mean-square intensity I = [38] , movie 1). We underline that the energy vortex, in the absence of a background fluid flow, is resonance based and that its chirality corresponds to the pseudospin-down and pseudospin-up states as has been unequivocally demonstrated. Instead of refabricating the entire crystal structure, we presented how band inversion takes place under the rotation of the TLRs through symmetry breaking while keeping the lattice intact. For the type-A configuration shown in Fig. 2(c) , two twofold degeneracies are created, one for the lower bands p x /p y (pseudospin dipoles) and the other for the upper bands d xy /d x 2 −y 2 (pseudospin quadrupoles). However, for type-B configuration shown in Fig. 2(d) , the dipole states rise above the quadrupole states, leading to an inverted band structure. The proposed band inversion further leads to a topological transition from a topologically trivial state to a nontrivial state, to which we numerically calculate the Z 2 topological invariant using a k P perturbation method for verification. The effective Hamiltonian, in the vicinity of the point can be simplified by the following matrix:
where k ± = k x ± ik y and M = (ε d − ε p )/2 is the frequency difference between dipolar and quadrupolar pseudospin eigenstates, which is positive for the trivial and negative for the nontrivial case. A is determined by the off-diagonal elements of the first-order perturbation term. B is found from the diagonal elements of the second-order perturbation term, and is typically negative. On the basis of Eq. (1), the Chern numbers can be evaluated as [4, 43] 
For the type-A configuration in Fig. 2(c) , we obtain the Chern number C ± = 0 where M = (ε d − ε p )/2 > 0, indicating that the band gap is trivial. Contrary to this, for the type-B configuration in Fig. 2(d obtain a Chern number C ± = ±1, which indicates the band gap is nontrivial. To recap, we have confirmed a topological phase transition from a trivial (type-A) to a nontrivial (type-B) state via band inversion, induced by simply rotating the TLRs.
According to the bulk-boundary correspondence [44] , there will be unidirectional acoustic edge states at the interface between a trivial and nontrivial system, analogous to the QSHE in electronics. To confirm the existence of these topologically protected edge states, we numerically calculate the band structure for a ribbon-shaped supercell, as shown in Figs. 3(a)  and 3(b) . The frequency range of the topological band gap spans from 7653 to 8859 Hz. The real-space distributions of the pressure and intensity fields at a typical value of the momentum k || = ±0.1 × 2π/a, corresponding to points A and B in Fig. 3(b) , are illustrated in Fig. 3(c) ,which is very similar to the acoustic pseudospin modes from Fig. 2 . Here we illustrate, with corresponding edge mode chirality, how these states confine along the two interfaces of the snowflake ribbon: the upper edge contains a forward channel with pseudospindown and a backward channel with pseudospin-up, whereas this behavior is entirely reverse at the lower edge.
We construct a topologically protected waveguide (TPWG) in a finite 10a × 10a lattice as shown in Fig. 4(a) to experimentally verify the reflection-free transmission of topological edge states ( [38] , Sec. IV). The simulated pressure fields at frequency f = 8200 Hz, which is in the topological band gap, are illustrated in Fig. 4(b) . Because of the topological protection of edge states at the interface between the trivial and nontrivial system, the sound waves transmit along the interface without backscattering for structure I as opposed to structure II, the trivial system alone, in which pure isolation occurs. The experimental data shown in Fig 4(c) illustrate the measured ∼30 dB transmission enhancement of edge state (black solid line) as compared to the bulk state (red dashed line). In Fig. 4(d) , we simulate and experimentally measure the amplitude of the pressure field at frequency f = 8200 Hz across the crystal array as is indicated by the red dashed line in Fig. 4(b) . The experimental results are in good agreement with the simulated ones and show that sound transmission along TPWG exponentially decays into the bulk, which is one of the key characteristics of TPWG. In the inset of Fig. 4(d) , we emphasize how the tightness of the confined edge modes prevails over an extended frequency range corresponding to the width of the topological band gap ( [38] , Sec. V).
Next, we experimentally observe the most important physical property of TIs: the topological robustness against defects. We introduce a number of sharp bends into the TPWG as shown in Fig. 5(a) . We also construct a topologically trivial waveguide (TTWG) by simply removing a row of TLRs. Finally, we explore the possibility to design man-made acoustic refraction as controlled by the topology in the PnC. First, as depicted in Figs. 6(a)-6(c), we launch sound waves at the edge of two TPWGs of exact opposite configuration. Due to the degenerate pseudospin states, the outgoing wave converts into two beams. It is noted that the topological birefringence, despite some intensity differences, seem not to be affected by the placement of the trivial/nontrivial regions as measured by φ. This scenario is entirely different if we introduce a single TLR into the unit cell [ Fig. 6(d) ]. This modification supports a single polarization only as compared to the snowflake metamolecule. Hence, the result of varying α as depicted in Figs. 6(d)-6(f), displays that we are able, in reference to the PnC crystal termination, to efficiently launch a collimated beam of either positive or negative refraction. These results prove that both unusual birefringence and negative refraction can be engineered through the topology in acoustic lattices. Conventionally, in the field of acoustic communications, coupling between waveguides and free space is a challenging problem to overcome based on the inherent impedance mismatch. Not only can refraction be engineered at will, but we show that topological waveguides provide a robust platform to smoothly outcouple sound into free space without any reflection as shown in Fig. 6 . To conclude, we have implemented a 2D acoustic topological insulator analogous to QSHE in electronic systems, whose topological phase can be reconfigured by simply rotating the meta-atoms within the unit cells. The handedness of the acoustic vortices plays the role of the pseudospin (pseudospin-down or pseudospin-up) via their multipolar order. The topological properties proposed in this work can be useful for one-way signal processing regardless of structural defects, which will be highly useful for noise control and engineered acoustic refraction. 
